Background: Childhood obesity is defined on the basis of weight and height, using body mass index (BMI). There is little detailed information on the body composition characteristic of overweight and obesity. Objective: To evaluate total and regional body composition in overweight, obese and control children aged 7-14 years. Design: Body composition was measured by the four-component model and dual X-ray absorptiometry in 38 age-and sexmatched pairs of obese and control children. Body composition trends were also evaluated by quintile of BMI standard deviation score (SDS) in these and 31 other children (n ¼ 107; BMI SDS range À1.0 to 4.3). Results: Obese children were taller than controls (D ¼ 0.6 SDS; P ¼ 0.01) and had greater hydration of fat-free mass (FFM) (D ¼ 1.8 %, Po0.0001). After adjusting for these variables, obese children had greater FFM, fat mass (FM) and mineral (Po0.0001). Regional analyses showed that these differences were apparent in the arm, leg and trunk, but the three tissues had different proportional distributions of the excess. Fat was primarily in the trunk, but mineral in the leg. FM, FFM, hydration and mineral mass all increased across BMI SDS quintiles (Po0.0001), but the trend for FM was much the steepest. Discussion: The greater weight of obese children is due to excess FFM including mineral as well as excess fatness. Increasing weight has a strong continuous relationship with increasing FM across the whole spectrum of weight.
Introduction
Although childhood obesity is increasing rapidly in both Western populations and developing country populations undergoing nutritional transition, categorisation remains relatively crude and the underlying body composition remains poorly understood. At present, childhood obesity is usually defined on the basis of weight relative to height, using the index body mass index (BMI). 1, 2 The same approach is practised in adults, using cutoffs of 25 kg/m 2 for overweight and 30 kg/m 2 for obese. 3 However, to take into account natural changes in BMI that occur during growth, age-specific BMI standard deviation scores (SDS) are recommended for the cutoff in children. 1, 2 The majority of research on the aetiology of childhood obesity has used BMI or BMI SDS as the outcome, which may limit the ability to understand how body fatness and fat-free mass (FFM) (considered synonymous with lean mass in this article) develop. Not all apparent risk factors for later obesity directly influence the development of fat mass (FM). For example, variability in birth weight, linked in many studies to later obesity status, 4 predicts later lean mass rather than FM. [5] [6] [7] Rapid early growth, which may influence lean mass as well as FM, has also been linked to later obesity. 8 It is the enhanced levels of body fat, especially central fat, that are most strongly related to ill-health in obese adults. 9, 10 However, as in adults obese children tend to have greater lean mass as well as fatness, [11] [12] [13] except in some rare diseases with genetic basis such as Prader-Willi syndrome. FM has traditionally been expressed as a percentage of weight, and thus occurs in both the numerator and denominator of this ratio. We have argued previously that for comparisons of children's fatness it is more appropriate to adjust FM for height rather than weight. 14, 15 Lean mass is traditionally not adjusted for size, however, obese children tend to be taller than their peers, 16 probably due to faster maturation. Both fat and lean therefore require adjustment for size if the effect of obesity on body composition is to be understood. 14 As the cutoff for obesity is arbitrary, based on statistical criteria, assessment of the body composition characteristic of the condition is problematic. If obese subjects are compared with all those nonobese, the control group will include some who are overweight. If the overweight, themselves likewise classified through arbitrary statistical criteria are excluded, differences between obese and nonobese subjects will automatically become enhanced. This issue can be resolved by adopting complementary approaches, looking both at differences between two groups, and trends across a larger number of groups.
The first aim of the present study was to measure total and regional masses of fat, lean and mineral in a sample of obese children and, after adjusting for body size, to compare their data with those of nonoverweight controls matched individually for age and sex. This analysis was intended to show in which regions and tissue compartments the excess weight of obesity is found. The second aim was to evaluate trends in body composition outcomes across a range of groups, categorised on the basis of BMI SDS. This analysis was intended to determine the continuous effect of increasing BMI on different components of body composition.
Methods
A sample of 38 obese children was recruited from clinics (Great Ormond Street/Middlesex Hospitals, London; Leaf Clinic, Chichester) treating the condition, or from a large ongoing study of body composition in healthy children and adolescents. Ethical approval was granted by the Institute of Child Health/Great Ormond Street Hospital Ethics Committee, and by Chichester Local Research Ethics Committee.
Obesity was defined as a BMI SDS of 41.64, equivalent to the 95th centile, using British 1990 reference data. 1 Overweight was defined as BMI SDS 41.04, equivalent to the 85th centile. 1 Overweight and control children were selected from the same ongoing study of body composition. For the case-matched study, control children were required to be the same sex, be within 6 months of the matched obese child in age, to have a BMI SDS 4À1 and o1, and to have no known condition adversely affecting growth and development. A third group of 31 overweight children (BMI SD range 1.04-1.64) within the same age range was also recruited, giving a total sample of 107 children. All participants were requested to complete a self-assessment questionnaire, based on line drawings of the Tanner stages of pubertal development. Whole-body composition was measured using the four-component (4C) model. 17 For case-matched control analyses, both whole-body and regional composition values were analysed using analysis of variance (ANOVA), in which three categorical dummy variables were used: 'group', categorising an individual as obese ( ¼ 1) or control ( ¼ 0); 'match' numbering the casecontrol pair; and sex categorised as male (0) or female (1) . In each case, the dependent variable was the body composition outcome. Differences between obese and control children were expressed as the coefficient and standard error (s.e.) of the group variable, thus representing the average (7s.e.) excess of obese children, while taking into account the matched case-control study design. Where appropriate, height was then entered into the model as a continuous variable in order to adjust for size. Finally, hydration of FFM was also added to the model. For descriptive purposes we also determined median pubertal stage of the groups.
For evaluation of trends, all 107 subjects were divided into quintiles according to BMI SDS. Linear models were again constructed for each outcome, adjusting for age, sex, height and hydration of FFM. The mean values for each group were ascertained, and the significance of the trend with BMI quintile. All analyses were conducted using the Datadesk 6.1 (Data Description, Ithaca, NY, USA, 1997) software package.
Results
A description of the obese and pair-matched control children is given in Table 1 (mean values and standard deviations (s.d)). The age difference (cases minus controls) was 0.04 Figure 1 , which illustrates firstly the contribution of both components of weight to the greater BMI of obese children, and secondly the between-individual variability in body composition for a given BMI value, in both obese and control children. All obese children were 430% fat, however, some control children also exceeded 30% fat. Data on pubertal development were available for 25 matched pairs. The obese children scored 0.4 (s.d. 1.1) higher on the Tanner scale of development (P ¼ 0.08), while the median value was three in each group.
Using the matched pairs design (n ¼ 38 pairs), whole-body differences (cases minus controls) in anthropometry and body composition are quantified in Table 2 , without and with adjustment for height. On average the obese children were 3.9 (s.e. 1.7) cm taller than the control children (P ¼ 0.03). Differences in TBW, BV, FFM, FM and BMC all remained highly significant after adjustment for height. This adjustment had negligible effect on the differences in fatness, but it explained B20% of the greater TBW and FFM of obese children. Furthermore, FFM hydration was also significantly greater in obese children (D ¼ 1.8 (s.e. 0.4) %, Po0.0001). However, when hydration was adjusted for, the excess FM of obese children decreased only trivially. As a percentage of the excess weight, FM on averaged represented 73%.
Regional measurements of body composition for the 38 pairs are shown in Table 3 , and the differences between obese and control children by ANOVA in Table 4 . FFM, FM and BMC differed significantly between obese and control children in all three regions. Again, adjustment for height had greater effect on the differences in regional FFM than in regional FM. Further adjustment for FFM hydration had a trivial effect (data not shown). When each regional excess mass of the obese group was expressed as a percentage of the total excess in all three regions together, there were differences in the distribution between the three tissue types. Just over half the excess FM was in the trunk, a third in the leg and 11% in the arm. Lean mass was divided more equally between leg and trunk, with 15% also in the arm. However, 1.2; 3) . There was no significant trend between score and quintile (P ¼ 0.19). There was a trend towards increasing height SDS across the quintiles but it did not achieve significance (P ¼ 0.1). Hydration of FFM increased significantly across the quintiles (Po0.0001), as shown in Figure 2 .
After adjusting for age, sex, height and hydration of FFM, significant trends were found in all outcomes for BMI SDS quintile (Po0.0001 in all cases). Figure 3 shows adjusted mean values for fat, lean and BMC in the arm, leg and trunk.
Highly significant trends were also found for whole-body FFM, FM and BMC (Po0.0001 in all cases), as shown in the Hattori chart in Figure 4 . In each case, it can be seen that the rate at which FM increased across the five groups was substantially steeper than the rates for lean and BMC. Consistent with the finding above that 73% of the excess weight of obese children is FM, the figures show that fat is disproportionately gained with increasing weight across a broad spectrum of weight.
Discussion
The effect of childhood obesity on body composition is surprisingly poorly understood. Compared to nonobese Body composition in normal weight, overweight and obese children JCK Wells et al children, obese children are taller which may reflect earlier maturation, 19, 20 and this extra height needs to be taken into account. Obese children also have an increased hydration of FFM. 21 In the present study, when these differences were taken into account obese children were found to have highly significant excesses in FM, FFM and BMC, both in the whole body as measured by the 4C model, and in the arm, leg and trunk as measured by DXA. The majority of this excess weight was fat; however, within this general pattern, we found differences in the relative proportion, and relative regional location, of the different tissues. The 4C model is widely accepted as the most accurate approach for determining body composition in vivo using a chemical approach. The ability of DXA to measure regional body composition is less satisfactory. Although many researchers treat DXA as a gold standard for body composition, the technique predicts rather than measures soft tissue composition in pixels that contain bone, which affects the trunk data in particular. The accuracy of DXA for soft-tissue composition is influenced by gender, body size and body composition. 22 Thus, our findings for regional FM and FFM may not be accurate, especially for the trunk, but we believe that the technique is sufficiently robust to detect the direction of trends. Furthermore, all the trends that we have reported in regional tissues are consistent with the whole-body 4C data. Thus, we think it unlikely that the limitations of DXA have created significant artefacts in our results, although the data from the trunk region have the least reliability (see below). The greater lean mass of obese children after adjusting for height is illustrated in Figure 1 . However, increases in FM are substantially greater than those in lean mass, and despite variability in nutritional status among the control children, all but two of the obese children had a greater FMI than their matched control. The graph also shows that FM of obese children tends to be between 30 and 50% of weight, as reported in previous studies, 12, 13, 23 although some are approaching 60% fat. Our findings support previous work 24 in highlighting the variability in fatness that may underlie a given BMI value, both in healthy children and those obese. Body composition in normal weight, overweight and obese children JCK Wells et al
Webster et al. 25 suggested as a rule of thumb that 75% of excess weight is fat, and the remainder FFM. Our whole-body results (73% fat) are consistent with this hypothesis, but we also show that individual regions of the body are less so. Consistent with a previous investigation of subcutaneous fatness in obese children, 26 we found that the majority of excess fat is located in the abdominal region, but substantial excess fat is also in the leg. For lean mass, less of the excess was in the trunk and more in the leg, with some also in the arm. This was especially the case for BMC, where over 60% of the excess was in the leg. The additional lean mass of obesity has been hypothesised to derive partly from the increased weight that must be supported during locomotion. 27 Our findings are consistent with that hypothesis, however the DXA data also indicate substantial excess lean mass in the trunk. In addition to their greater height, the obese children also had an increased hydration of lean mass, which has been reported previously and attributed to an expanded extracellular water space. 28 In adults, this overhydration has been found to persist even if weight reduction is achieved either by dietary modification 29 or surgery. 30 The increase in extracellular water remains poorly understood. Its persistence after weight loss implies that the water content of adipose tissue is not an adequate explanation, and it is possible that obesity causes irreversible alterations in haemodynamics and fluid regulation. 29 As FFM incorporates TBW, overhydration will inflate FFM values, and this factor will need to be taken into account when assessing body composition changes over time.
One difficulty in assessing the body composition of obese subjects is that, unless arbitrary exclusion criteria are set, those obese will comprise a more variable group than the controls, with their distribution skewed to the right. In the present study, many of the obese children were recruited from treatment clinics, and had extremely high BMI values. In order to clarify the effect of increasing weight on body composition, we assessed quintiles of BMI SDS. These allowed us to look at the spectrum of weight between À1 and 4.3 SDS, with the five groups roughly corresponding to low normal weight, high normal weight, overweight, obese and severely obese. Our results showed that the increases in tissue masses characteristic of obese children, whether in the whole-body or specific regions, are present as continuous trends across the broader spectrum of weight. This is the case not only for FM, FFM and BMC, but also for the hydration of FFM. This finding has implications for the deuterium dilution method, which requires adjustment for FFM hydration when converting TBW values to body composition outcomes. A previous study of adolescent girls showed a similar pattern of fat gain disproportionately in the trunk during pubertal development, leading to a similar association between increased weight and more android fat distribution. 31 However, whereas puberty was associated with gains of 20 kg lean and 12 kg fat, 31 obesity in our study was associated with excesses of 22 kg fat and 8 kg lean. These trends provide further support for the rule of thumb that 75% of weight gain is fat at any level of body weight. Figure 3 shows that in both limbs and trunk, increasing weight is disproportionately in FM, such that in each region, FM was typically 20-30% of lean mass in the lowest quintile, but 90-100% in the highest. BMC was increased in both limbs and trunk, especially in the leg. Obese children are known to have a higher fracture rate than nonobese subjects, which may relate to insufficient mineralisation in the upper limbs relative to body weight.
The greater lean mass of obese children has important implications for management strategies aimed at weight loss. If exercise is prescribed it may lead to further increases in limb muscle mass, 32 as exercise is an established stimulant of muscle tissue growth in children. 33 For this reason, the initial stages of exercise interventions might result in weight maintenance, or even a modest weight gain, even though FM itself might be declining. 34 Children may therefore need encouragement to persist with such treatment, so that their motivation is not blunted by apparent lack of effect in the early stages. Monitoring waist circumference in combination with weight and height is likely to be beneficial for this purpose.
The main limitation in our study is that we did not have comprehensive data on pubertal development. However, in 25 matched pairs where data were available, the difference in pubertal stage between obese and control children was relatively small. Furthermore, when the analyses were rerun using the subsample for whom data on pubertal development were available, the results were very similar. We also found no significant trend between BMI quintile and pubertal stage score in the 84 children (78% of the sample) for whom data were available. Thus, although pubertal stage is known to influence childhood body composition, 31 we believe that our inability to take it into account in our main analyses has not had a major influence on our findings and conclusions. Body composition in normal weight, overweight and obese children JCK Wells et al
Conclusion
Our study has provided data on the chemical composition of the excess weight of obese children, and its regional distribution. We have shown that the increased body size and overhydration associated with this condition need to be taken into account when evaluating body composition, especially when considering longitudinal changes occurring during treatment programmes. Across the broad spectrum of body weight, increases in weight are disproportionately in fat, although lean and BMC also increase.
